In the small town of Gusum in South Sweden, a brass mill has been operating for 300 years. During this period, large amounts of heavy metals (mainly Cu and Zn) have been emitted, and the emission rate has increased considerably during the last 20 years. The biological effects of this heavy metal pollution have been studied for 10 years in the forests surrounding the mill. Considerable damage to the vegetation has been reported (9) , as well as changes in earthworm populations (4, 5) . Strong suppression of soil respiration, decomposition, and soil enzymatic activities has been found (24, 25) . Because fungi are considered to be the main agents of decomposition and mineralization in acid forest soils, the present study of effects on the soil fungi was made.
It has been known since the invention of the Bordeaux mixture that fungi are copper sensitive, and it has also been demonstrated that zinc in high concentration strongly affects the fungal community (12) . However, Freedman and Hutchinson (10) were not able to demonstrate any significant effects on soil fungi due to the pollution from the Sudbury smelter in Canada. In the present study, we have used several methods to study the fungal community: estimation of numbers of CFU, measurements of total mycelial length (21) , and fluorescein diacetate (FDA) active mycelial length (19) . The microfungal species composition along the heavy metal gradient was also studied. Soil respiration was included to give a general activity index on the soil microorganisms apd to permit comparison with earlier studies in the area. In addition to standard statistical analyses, the data were subjected to a multivariate analysis called partial least squares (PLS) (28, 29 (19) . Total mycelial length was determined by a membrane filter method (21) .
CFU were determined by using the dilution plate technique on malt extract agar plates (2% Oxoid malt extract, 1.5% agar, and 30 p.g of chlortetracycline g-1) incubated at 17°C for 7 days. Most of the 4,000 isolates were identified to species, and the rest, if possible, were identified to genus. This paper includes results on the distribution of six of the major taxa. Specific details of the fungal community will be published elsewhere.
After digestion of the sample with a mixture of HNO3 and HClO4 (4:1) (23), the total concentration of Cu, Zn, and Pb in the soil was measured by atomic absorption spectrophotometry. pH was determined in distilled water (soil/water ratio 1:5 [wt/wt]).
In addition to standard statistical analyses (i.e., linear regression, Pearson product moment correlation, and x2 analysis), we have used a multivariate statistical method called PLS (28, 29) . The output from this analysis is similar to that from principal components analysis. However, in PLS, two data matrices are analyzed simultaneously, one containing the independent variables (in our case the environmental measurements), and the other containing the dependent variables (biological measurements). The analysis gives components which explain as much as possible of the variation of the independent variables, while at the same time trying to account for the variation in the dependent variables. These components are slightly rotated compared with true principal components to increase the explanation of the dependent variables. The program further tests how many components are significant. The program, written in BASIC, was obtained from S. Wold, University of Umea, Sweden.
Two of the variables, CO2 evolution and total mycelial length, were normalized in the statistical analyses to percentage of the mean value for each sampling occasion, since the mean values of these measurements differed between the years (see Fig. 2 and 3 ). To improve normality, the heavy metal data were log transformed.
RESULTS
The metal concentrations of soil close to the mill were very high, approximately 20,000 ,ug of Cu, 20,000 ,ug of Zn, and 1,000 ,ug of Pb g-1 dry soil, and they decreased with distance from the mill (Fig. 1 ). In Fig. 2 to 5, the biological effects have been plotted against log Cu concentration because, of the three metals, Cu is considered the most toxic to the fungal community (26) . Furthermore, the Cu gradient was detectable farther away from the mill than were the gradients of the other two metals because the background level of Cu was low, 15 ,ug g-1, compared with 100 and 50 ,ug g-1 for Zn and Pb, respectively. The correlation coefficients between the concentrations of the metals were high (r > 0.9; Table 1A) .
Soil respiration, which can be considered an index of general soil microbial activity, was higher in 1979 than in 1980 but decreased both years by a factor of 4 over the metal gradient (Fig. 2) ; it was negatively correlated (P < 0.001) to the heavy metal concentration (Table 1A) . Two samples, which had low respiration rates, diverged conspicuously from the general pattern. This was due to a considerably lower organic matter content (LOI) in these samples (ca. 45% as compared with an overall mean of 77%). These samples were therefore excluded.
Total fungal biomass, as determined by the membrane filter method, showed a pattern very similar to that of soil respiration (Fig. 3) , and the decrease in total fungal biomass was also significant by linear correlation analysis (Table 1A) .
The negative correlation between Cu concentration and FDA-active fungal biomass was significant (P < 0.001; Table 1A ). However, the biomass varied considerably in the less polluted areas (Fig. 4) . When only areas with a Cu concentration of less than 1,000 ,ug g-1 were considered, the FDA-active biomass was positively correlated to soil moisture content (r = 0.79), with no significant correlation to metal pollution (Table 1C) .
No change was found for the number of CFU along the metal gradient. The overall mean was 9.7 x 106 CFU g-1 dry soil.
The fungal species composition was also affected by heavy metal pollution. The abundance of the genus Penicillium Link ex Fr. (16 identified species) decreased from 30 to 40% of the total number of fungal isolates in the control sites to about 5% at the sites close to the mill (Fig. SA) . A similar decrease was also found for the genus Oidiodendron Robak (seven identified species; Fig. SB) . Other genera, such as Paecilomyces Bainier (with only one species, P. farinosus [Holm ex S. F. Gray] A. H. Brown and G.
Smith) increaseol in abundance close to the mill (Fig. SC) . A similar effect was found for sterile forms (Fig. SD) , as well as for Geomyces Traaen [one species, G. pannorum (Link) Siegler and Carmichael]. The genus Mortierella Coemans (13 identified species) increased with metal concentration to a peak abundance at about 2,000
,ug of Cu g-1 and decreased closer to the mill.
Most of the effects on fungal community structure were reflected in the corresponding correlation coefficients (Table 1A) . The abundance of P. farinosus and G. pannorum, however, peaked very dramatically at the highest Cu concentrations. Since this increase in abundance was not linear, the correlation coefficient in Table 1A underestimates the effect of the metal contamination on these fungi. If instead a x2 value was calculated, after splitting the material into five classes along the metal gradient, the increase in isolation frequency of G. pannorum and P. farinosus was highly significant (P < 0.001).
There appeared to be no obvious effects of the metal pollution below a Cu concentration of about 1,000 ,ug g-1 (Fig. 2 to 5 ). The biomass, respiration, and fungal frequencies varied considerably among these less-polluted samples. To study this variation in more detail, the data were split into two overlapping parts, with the samples of 1,000 ,ug of Cu g-1 included in both. The correlation matrices for both the heavily and the less polluted areas are given in Table 1B and C, respectively.
To obtain a more comprehensive picture of the results, a multivariate method of analysis, PLS, was used (Fig. 6A to C) . Figure 6A shows the result of a PLS analysis of all samples, Fig.  6B is the result of an analysis of samples from the heavily polluted area, and Fig. 6C shows an analysis of samples from the less-polluted area. In all three analyses, component one accounted for virtually all or most of the variation in heavy metal concentration and could accordingly be considered to represent the level of pollution. The second component explained most of the variation in soil water and LOI. Together, these two components accounted for 65 to 90% of the variation in the environmental variables.
The ability of the components to explain the variation of the biological analyses differed in the heavily polluted area, in the less polluted area, and in the complete study. In the analyses with all samples included (Fig. 6A) , the first component accounted for 34% of the variation (P < 0.001). This component reduced the variation of all but three of the biological variables, whereas the reduction of the variation by the second component (water plus LOI) was negligible. In the heavily polluted material (Fig. 6B) , the results were similar. When the less polluted sites were analyzed (Fig. 6C) , the first component accounted for less of the variation in Pb concentration and pH compared with the other PLS analyses (Fig. 6A and B) , because neither Pb nor pH had increased much in the lesspolluted sites (Fig. 1) . Of the biological variables, only the change in abundance of members of the genus Mortierella was significantly explained by this first component. However, the second component accounted for about 50% of the variation of the FDA-active and total mycelial length (P < 0.01).
DISCUSSION
Heavy metal pollution had a major influence on soil fungi. Fungal biomass and soil respiration rate decreased, and there was also a marked change in microfungal community structure. PLS analysis of all samples (Fig. 6A) showed that soil moisture and LOI had very little biological effect compared with the level of pollution.
High correlations were found among the three metals, and they were also well correlated to soil pH (Table 1A) . This is reflected in the PLS analysis (Fig. 6A) , in which almost all of the variation of these four variables was explained by the first component. The high correlations made it impossible to separate the biological effects of the different metals and pH from each other. However, Cu is considered the element most toxic to soil fungi (26) , and we believe it to be the most important heavy metal in the Gusum area. Jordan and Lechevalier (12) found that zinc at 30,000 pg g-l, somewhat higher than the concentration in the Gusum area, affected soil fungi. Thus, an effect of zinc, as well as synergistic effects of the metals, cannot be excluded. Lead, which was found in much lower concentrations (up to 1,300 ,ug g-1), probably had negligible biological effects. Doelman and Haanstra (6) found no reduction in respiration rate after the addition of 7,500 ,ug of Pb g-1 to a peat soil, with an LOI similar to that of the humus soil studied by us.
Because the metals were emitted as alkaline oxides, the pH of the soil increased close to the mill (Fig. 1 ). An increase in pH is known to increase the soil respiration rate (15, 18) , but no effects were found on fungal biomass after liming a similar soil (1 not explain the observed decrease in biological toxicity with increasing pH (e.g., 3, 11); Starkey activity, but the effect of pH on the toxicity of (20) , on the other hand, found that several fungi the heavy metals could not be disregarded. had a higher tolerance towards Cu at high pH. by the pollution, but no clear effect on FDA mycelial length was found at the lower end of the gradient. Baath and Soderstrom (2) showed that FDA-active mycelial length in unpolluted coniferous forest was correlated to soil moisture. This was also found by us in the less-polluted area (Table 1C) , although near the mill, the effects of the heavy metals dominated compared with soil moisture (Table 1B ; Fig. 6B ).
Many studies have demonstrated that soil respiration rate is a sensitive indicator of heavy metal pollution (6, 7, 10, 17, 23 ). This is con- (Fig. 2) , and the decrease by a factor of 4 is similar to that reported from the same area seven years ago (23 Jordan and Lechevalier (12) , except that we found a drastic increase in isolation frequency of Paecilomyces, Geomyces, and sterile forms towards the mill. Paecilomyces was, however, shown to be resistant to zinc in pure culture (12) , and resistance to Cd has also been reported (22) . G. pannorum (= Chrysosporium pannorum) is well known to be tolerant to heavy metals (13, 14, 27) . It is interesting that sterile forms are abundant at tundra sites, another ecologically very extreme environment (8) .
Although data are sparse, there appeared to be little change in the biological response in areas with up to 1,000 ,ug of Cu g-I (Table IC; Fig. 2 to 5 and 6C). This is probably due to complexing of metals with humus, which renders the metals less toxic (6) . The figure 1,000 ,ug of Cu g-1 is of course tentative, and a more extensive investigation in this concentration range might well show an effect on soil fungi at lower pollution levels. Tyler (National Swedish Environment Protection Board Publication Series no. 542, 1974) found a significant decrease in phosphatase activity at 200 ,ug of Cu g-1. One indication that this might also apply to fungal measurements is the negative, although not statistically significant, correlation between heavy metals and total mycelial length ( Fig. 3 ; Table  1C) .
This study has shown that the fungal community, both species composition and biomass, was strongly affected along a heavy metal gradient. The heavy metals had a dominating influence over the fungal community, along both the whole gradient and its most polluted part, whereas at the less-polluted areas, soil moisture and LOI accounted for more of the observed changes than did the Cu and Zn concentrations.
